Angularly-Dependent Ultrasonic Velocity and Attenuation Measurements in an Anisotropic Material by Hurley, D. C. et al.
ANGULARLY-DEPENDENT ULTRASONIC VELOCITY AND ATTENUATION 
MEASUREMENTS IN AN ANISOlROPIC MATERIAL 
D.C. Hurley, D.W. Fitting*, and R.Y. Chiao 
GE Corporate Research & Development 
P.O. Box 8 
Schenectady, NY 12301 
*National Institute of Standards & Technology 
325 Broadway 
Boulder, CO 80303 
INlRODUCTION 
Composite materials increasingly playa major role in industrial applications. To utilize 
a composite appropriately, its physical properties and mechanical behavior must be 
understood; ultrasonics is a common means of obtaining such information. For most 
conventional materials, ultrasonic measurements are relatively straightforward. Since the 
elastic properties of such materials are independent of direction, a single plate specimen and 
pulse-echo methods can be used [1,2]. This configuration is of limited usefulness for 
composites, however, because their anisotropic nature means that the elastic properties vary 
as a function of propagation direction. The obvious solution of preparing and measuring 
multiple plate specimens with different orientations can be slow and expensive, and may 
provide incomplete information. Therefore, a fresh approach is needed. In this paper, we 
describe techniques that enable ultrasonic measurements for virtually any propagation 
direction in an anisotropic material. The experiments use hemispherical test samples in 
conjunction with a versatile mechanical fixture. By connecting the apparatus to a 
commercial acquisition system possessing automated scanning capabilities, waveforms may 
be obtained over a wide range of propagation directions. The data are then analyzed to 
determine the velocity, attenuation, or other information as a function of direction. 
Experimental results for a composite are presented in order to illustrate the technique's 
capabilities and highlight specific information that may be gained. 
MEASUREMENT TECHNIQUES 
Mechanical Test Fixture 
A suitable apparatus for accurate measurement of three-dimensional ultrasonic 
properties must meet several requirements. These requirements include: (a) the capability to 
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make three-dimensional measurements of the wavefield on a point-by-point basis; (b) the 
need to maintain a constant source-receiver path length in the test material; and (c) the 
ability to position the source and receiver over a wide angle of propagation directions. The 
hemispherical test fixture used in these experiments [3] satisfies all of these requirements. 
As Fig. 1 indicates, the apparatus comprises a source transducer mounted above the test 
sample in a fixed position and an adjustable C-arm that holds the receiver transducer. With 
this arrangement, the source and receiver transducers may be easily varied, depending on 
the experimental conditions and desired frequency range. The distance between the sample 
and the source transducer may be adjusted by altering the length of the mount tube holding 
the source transducer in place. The sample and source rotate as one about the ¢ (azimuthal) 
axis of the fixture. Motion in the elevational or polar angle () is addressed by the C-arm 
containing the receiver transducer. The distance between the sample and receiver transducer 
is adjustable, so that either a contact transducer (such as a small-area hydrophone) or an 
immersion transducer can be used. The C-arm and sample rotation allow positioning of the 
receiver over nearly the entire hemisphere (27l' solid angle). The fixture can accommodate 
samples with radii from 13 to 175 mm, which are centered on the axis of rotation using 
adjustable clamps. Both axes of rotation can be controlled manually for setup and individual 
measurements, or else computer-driven with stepper motors for automated scanning. 
Hemispherical Test Samples 
The usefulness of this apparatus was demonstrated by measuring the ultrasonic velocity 
and attenuation in an industrial composite. Two hemispherical test samples were fabricated 
from a laminate cross-ply carbon-epoxy composite. Both samples were oriented so that the 
plane of the plies lay parallel to the hemisphere's flat (interior) surface. In other words, 
acoustic wave propagation through the hemisphere in the direction perpendicular to the flat 
interior surface represented motion perpendicular to the ply planes. Using the notation 
described above for the mechanical fixture, this corresponded to the () = 0° direction. One 
sample had a radius rl = 25.4 mm, while the other had a radius r2 = 38.1 mm. The samples 
were machined using custom diamond-coated grinding tools and a numerically controlled 
milling machine. These specimens were later measured on a coordinate measuring machine, 
and the data analyzed against the nominal geometry using a six-degree-of-freedom best fit 
algorithm. The resultant bubble charts indicate that the root-mean-squared deviation from 
the nominal diameter was ±20 11m for both hemispheres; the maximum deviation was 36 
and 48 11m for the smaller and larger hemispheres, respectively. 
Ultrasonic Acquisition System 
As mentioned above, one advantage of this apparatus is its ability to accommodate a 
variety of transducers. In these experiments, tightly focused, broadband transducers were 
used to create a source with a wide-angle radiation pattern [3] and a receiver with good 
spatial resolution and wide field-of-view [4]. The system thus approximated a point-source/ 
point receiver system, whose advantages have been described previously [5]. The source 
consisted of a 5 MHz, 19.1 mm diameter transducer placed approximately 38 mm above the 
hemisphere so that its focal zone intersected the sample surface. A 5 MHz, 12.7 mm 
diameter transducer with a focal length in water of 22.9 mm was used as the receiver; it was 
mounted on the C-arm and focused on the hemisphere's rounded surface. A square-wave 
pulser and broadband amplifier were used in conjunction with the source and receiver 
transducers, respectively. The apparatus was then immersed in a large tank of degassed 
water, and the rotational axes connected to the stepper motors of a commercial ultrasonic 
imaging system. In this way, automated data acquistion was possible. 
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Figure 1. Photographs of the hemispherical fixture with a carbon-epoxy composite 
sample. A focused transducer is held above the sample at its focal length by a clear plastic 
tube filled with water. A small-area hydrophone and preamplifier mounted in a conventional 
search tube on the C-arm serves as the receiver. 
Using this system, scans were made with the receiver positioned at () = 0°,5°,10°, ... 
65°. At each (), waveforms of the transmitted signal at <P = 0°,1 °,2°, ... 359° were acquired. 
(The <p = 0° direction coincided with the the 0° fiber ply orientation.) The resulting data 
files were formatted as b-scans, with 2048 data points per waveform at a sampling 
increment of 0.02 /ls. No signal averaging was performed. Examples of as-acquired 
waveforms are shown in Fig. 2. The top waveform represents through-ply (() = 0°) 
propagation; the bottom, propagation at () = 50°, <p = 30°. The data clearly show changes in 
velocity and attenuation for the different positions. 
DATA ANALYSIS METHODS 
Velocity Measurements 
To measure the ultrasonic velocity as a function of propagation angle, only one 
hemispherical sample is needed. (If desired, the results for two or more samples can be 
compared to provide information about the experimental uncertainty.) The results reported 
here were obtained from waveform data acquired from the r2 = 38.1 mm hemisphere. The 
velocity was determined by measuring the time of arrival of the ultrasonic pulse, subtracting 
the water path delays, and then dividing the path length in the composite by the travel time. 
The time delays due to propagation in water (between source and sample, and sample and 
receiver) were measured with pulse-echo techniques for each transducer separately. The 
time of flight was defined as the arrival time of the pulse envelope. This envelope is the 
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Figure 2, Waveforms for a carbon-epoxy composite sample (radius = 38.1 mm), 
obtained with the hemispherical fixture and 5 MHz focused tranducers. The upper 
waveform represents propagation at normal incidence to the ply planes (() = 0°). The lower 
waveform was acquired at () = 50°, ¢ = 30°. Signals have been adjusted for amplifier gain. 
magnitude of the analytic signal, obtained with the Fourier transform [6]. Subsequently, the 
arrival time was determined by when the envelope maximum occurred. Since the envelope 
tracks the wave energy, this method measures the group velocity. 
Attenuation Measurements 
The ultrasonic attenuation of the composite was measured by using a spectral 
comparison techique with data from two samples. At any ultrasonic frequency /I, the 
spectral ratio S between data from the larger (r2) and smaller (r1) samples is given by 
S - f(r r )e-a (r2 -rtl 
- 1, 2 , 
where a = a(/I, (), ¢) is the attenuation function to be determined and f(r1, r2) is the 
nonattenuative falloff. Then 
(1) 
(2) 
Thus, by calculating the "attenuation spectrum" S for a known r2 - r1 and f, a may be 
found. [In this work, it was assumed that f '" r- 1 (i.e., spherical wave propagation), and did 
not depend on (), ¢ or /I.] 
For these data, time windows 3-f-ls long and containing only the first transmitted 
longitudinal pulse were used for the spectral calculations. These spectra were compared on a 
point-by-point basis to determine the attenuation as a function of (), $, and /I. Since a table of 
values for a( (), ¢, /I) would be cumbersome with this amount of data, a compact expression 
for the results was desired. Because a displayed a roughly linear dependence on /I in the 
range of interest, a linear least-squares-fit was performed in the range 1-3 MHz. The slope 
and y-intercept for a versus /I obtained for each ((), ¢) were then recorded. 
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RESULTS AND DISCUSSION 
Group Velocity 
Using the procedure described above and waveforms acquired with the r2 = 38.1 mm 
hemisphere, the longitudinal group velocity as a function of propagation direction (0, cP) was 
calculated. The velocity for propagation perpendicular to the ply planes (0 = 0°) was also 
measured with a plate specimen using standard multiple-echo techniques. This independent 
result made it possible to verify that the water path delay times used in our analysis were 
correct. The velocity obtained with pulse-echo methods was Vplate = 2.814 ± 0.005 mm! fls, 
compared to Vhemi(O = 0°) = 2.81 ± 0.03 mm!fls obtained from the hemispherical fixture. 
The excellent agreement between the two methods indicates that the water delay times were 
appropriately measured, and emphasizes our confidence in this approach. 
Some of the velocity results are plotted in Fig. 3, which contains polar plots of group 
velocity versus cP for 0 = 5°,25°,45°, and 65°. The two-fold symmetry expected of 
orthotropic materials is evident. Figure 4 contains the velocity plotted as a function of 0 for 
cP = 0°,45°, and 90°. Both Figs. 3 and 4 indicate that not only the overall magnitude of the 
velocity, but also the amount of its anisotropy, increases steadily with O. For 0 < 20°, the 
velocity is virtually independent of <p. The anisotropy gradually increases with 0 so that at 
the largest angle measured (0 = 65°), the velocity at cP = 0° is approximately 15% larger 
than that at cP = 90°. The maximum velocity observed (v = 4.30 ± 0.09 mm! flS at 
() = 65°, cP = 0°) represents an increase of over 50% from the velocity at () = 0°. The 
estimated error or uncertainty in the measurements is ± 1 % for () < 40°, and ±2% for 
() > 40°. The increase in uncertainty for larger values of 0 is mainly due to poorer 
signal-to-noise ratios at these angles. Signal averaging, as well as using a source transducer 
with a wider-angle signal distribution, would improve the experimental uncertainty. 
Attenuation 
From the waveform data for both hemispheres, a slope and y-intercept for the 
attenuation a versus 1/ at each (0, cP) were determined. The results for 1/ = 2 MHz are 
plotted in Figs. 5 and 6. (The data for 0 > 35° did not possess sufficient signal-to-noise to 
produce reliable results.) The figures reveal that a initially increases with increasing (), 
reaches a peak at 0 ::::: 20°, and then decreases with increasing O. In addition, a is 
approximately isotropic in cP for 0 < 20°. However, the cP-anisotropy increases rapidly for 
o > 20°; for 0 = 30°, there are differences of over 30% between the cP = 0° and cP = 45° 
2-MHz values. The value obtained for through-ply propagation, ahemi( 0 = 0°) = 
0.033 + 0.0151/ (Np/mm), agrees only moderately well with an independent measurement 
on a 19.0-mm plate specimen using a 5 MHz plane-wave transducer and pulse-echo 
techniques. Performing a spectral comparison of the first and second round-trip echoes and 
a linear least-squares fit over 1-3 MHz, this measurement yielded aplate = 0.020 + 0.0221/ 
(Np/mm). Evaluation of the fits at 1/ = 2 MHz gives ahemi( () = 0°) = 0.063 Np/mm and 
aplate = 0.064 Np/mm, a difference of about 2%. Since the fit was performed over 1-3 MHz 
and the transducers' peak frequency was 5 MHz, differences in the spectral characteristics 
of the two transducers may have affected the attenuation spectrum, and hence could account 
for some of the discrepancy. 
It is difficult to evaluate the experimental uncertainty for this attenuation method. 
Checks for self-consistency suggest an uncertainty of at least ±5%. The only variable not 
explicitly eliminated was the transducer's falloff with distance, j, which could be a function 
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Figure 3. Polar plot of the measured longitudinal group velocity versus azimuthal angle $ 
in a graphite-epoxy composite. The thick lines correspond to data acquired at polar angles 
() = 50 ,250 ,450 , and 650 • The dotted lines indicate increments of 300 in $, with ¢ = 00 at 
the center right. The dotted circles represent velocity increments of 1.0 mm! f-ls. 
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Figure 4. Graph of measured longitudinal group velocity versus polar angle () in the 
composite. Data for ¢ = 00 ,450 , and 900 are shown. 
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Figure 5. Polar plot of the ultrasonic attenuation a at v = 2 MHz versus propagation 
angle (0, <p) in the graphite-epoxy composite. Values were determined by a linear 
least-squares-fit to the measured attenuation spectrum (1-3 MHz). The thick lines 
correspond to results for 0 = 0°, 10° , 20° , and 30°. Dotted lines indicate increments of 30° in 
<p, with <p = 0° at the center right. Dotted circles represent increments of 0.025 Np/mm. 
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Figure 6. Graph of calculated attenuation versus polar angle 0 in the composite (v = 2 
MHz).IThe lines correspond to the values for <p = 0°,45°, and 90°. 
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of (0, ¢) as well as r. Measuring the source transducer's spatial distribution in water or a 
low-loss isotropic solid might provide corrections for this effect. Additional improvements 
could be made by using a source with a wider-angle distribution to increase the signal 
strength at large 0, or by signal averaging. Furthermore, it was observed that although a 
source transducer with a 5 MHz center frequency was used, the detected spectra peaked at 
1-2 MHz. Improved signal-to-noise ratios should be obtained for this particular composite 
by using lower-frequency transducers. 
SUMMARY 
We have described techniques which enable ultrasonic measurements in anisotropic 
materials for nearly any propagation direction. Key to this method is a versatile mechanical 
fix turing scheme coupled with an automated waveform acquisition system. The apparatus 
requires hemispherical test samples and tightly focused transducers to approximate a point 
source and receiver. Waveforms may be obtained at increments as small as 0.5° and 
analyzed for whatever information is desired. For example, the longitudinal group velocity 
v L and attenuation coefficient QL as a function of propagation angle (0, ¢) are readily 
determined. A conservative estimate of the experimental uncertainty in VL is less than 
± 1-2%; for QL, ±5-10%. Although other techniques may provide higher precision 
measurements, they are usually more limited in their range of ( 0, ¢ ). 
To demonstrate the features of this apparatus, the dependence of v L and QL on (0, ¢ ) 
have been measured for a carbon-epoxy cross-ply composite. The group velocity is nearly 
isotropic for 0 < 20°, with a through-ply (0 = 0°) value of VL = 2.81 ± 0.03 mm! f-ls. 
However, the anisotropy in VL increases steadily with 0 and reaches a maximum at the 
largest 0 measured (65°). For 0 = 65°, ¢ = 0°, VL is more than 50% larger than its value at 
o = 0°. The attenuation coefficient QL as a function of (0, ¢) and ultrasonic frequency // in 
the range 0.5-4 MHz was determined by comparing spectral components for transmission 
through two spheres of different sizes. Using a linear least-squares-fit for aL versus //, the 
through-ply attenuation coefficient can be expressed as Q(O = 0°) = 0.033 + 0.015// 
(Np/mm). For 0 < 20°, (XL increases with 0 but remains nearly isotropic in ¢. At larger 0, 
the overall magnitude of (XL decreases, but the anisotropy increases. 
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